In a study of the biochemical basis of winter hardiness in apple trees, the writers have had occasion to measure the relative rates of respiration of tender and hardy varieties. In the first series of measurements (4) continuous aspiration was employed; that is, during the period of measurement CO2-free air was continuously passed through the chamber containing the twigs.
In a study of the biochemical basis of winter hardiness in apple trees, the writers have had occasion to measure the relative rates of respiration of tender and hardy varieties. In the first series of measurements (4) continuous aspiration was employed; that is, during the period of measurement CO2-free air was continuously passed through the chamber containing the twigs.
Because of certain mechanical difficulties in this method over long periods, discontinuous aspiration was then tried; that is, the CO., was allowed to accumulate in the chamber and was measured at the end of the period. It became apparent that an entirely different picture of respiratory activity was obtained by this procedure. Therefore, a more detailed study of the phenomenon was undertaken, the results of which are presented in this paper.
As long ago as 1881 MttMNTZ (16) reported that grain emits many times as much CO9 when it has access to fresh air as when it is confined in a container. MIANGIN (15) in 1896 pointed out that the respiration of germinating seeds is decreased by the presence of 5 per cent. of COO, and that the respiratory quotient becomes greater. CZAPEK, in his excellent review of plant respiration (12) , does not discuss this particular phase of it. Many studies on respiration have been conducted by both methods. The wellknown OSTERHOUT method (19) is of the continuous type. BAILEY and GURJAR (1, 3) used the discontinuous method on grains, conceding that it indicated a rate that continually decreased with time. SPOEHR and AMcGEE (23) described quite definitely the effect of changing plants from one conlcentration of CO. to another, which in effect is really the procedure in the discontinuous method. OLNEzY (18) used the latter method on bananas, while BERGMAN (6) employed the continuous on cranberry plants. The present writers used the continuous method in the work on apple twigs reported preliminarily (4) . THOMAS (25) has found that concentrations of CO2 above 12 per cent. ini the air surrounding apples tend to increase the production of ethvl alcohol and of acetaldehyde; in other words, to change the respiration to a zymasic type. WILLAMAN AND BEAUMON-T-CARBON-DIOXIDE ON PLANT RESPIRATION 47 experiments. The thermostat, controls, air washing and circulating devices, and absorption towers were the same as described elsewhere (5).
The data are presented in figure 1 . The vertical axis represents the rate of CO2 production, expressed as mg. of CO2 per hour per 100 gm. of twigs. The horizontal axis represents successive periods of time. The dotted lines stand for periods during which the CO2 was allowed to accumulate, followed by a 20-minute period of aspiration to remove the CO2. The iengths of these periods in hours is indicated by. the number at the end of the dotted line. The solid line represents a 30-minute period, 20 minutes of which were consumed in aspiration, and 10 minutes in changing apparatus in preparation for the next period of aspiration. These half-hour periods thus represent periods of practically continuous aspiration. The time required for complete removal of CO2 in the chamber, was, of course, carefully determined, and found to be about 12 minutes; 20 minutes were then adopted for safety. The object of this schedule was to measure the rate of CO2 emission during varying periods by the discontinuous principle, followed by its measurement with continuous aspiration. Sections A to D represent different lots of twigs.
It will be seen that each dotted line or each series of them, is followed by a. series of solid lines, each succeeding one of the latter being shorter. This means that a period in which the CO2 is allowed to accumulate in the chamber is followed immediately by a much higher rate of respiration. The rate gradually subsides, but in the one case in lot B where a constant rate was attained, it was after about 35 hours.
There is some evidence that the magnitude of this phenomenon is proportional to the amount of CO2 that has accumulated in the chamber or in other words, the length of time of this accumulation. In lot C it is slightly evident after a 2-hour period. It is most pronounced following the 164 The solid line is CO, against t in. hours, while the dotted line is CO, against log t. Table I grives the values of k for certain values of t. The curve is in satisfactory agreement with the experimental values. The log-time curve is a straight line beyond the 30-or 40-hour period. During the shorter periods it is not a straight line because the respiration values are affected by the high temporary rates at the beginning of each period, in accordance with the data of figure 1 previously discussed. If the short period measurements had followed in all cases periods of continuous aspiration, during which the rate of CO2 emission had attained a constant value, these short period measurements would no doubt have conformed much more closely to the equation.
This fact emphasizes the necessity, in plant respiration work, of taking cognizance of the history of the material during the period immediately preceding that of the measurement.
Experiments with potato tubers Small potato tubers which would just enter the respiration tube were used in the same type of experiments. The tube was kept on the laboratory 
PLANT PHYSIOLOGY
A possible explanation of the CO2 effect It has been shown that three types of plant tissue, twigs, tubers and wheat grain, exhibit the same reaction to the accumulation of CO, in the surrounding atmosphere. For the sake of clearness, this reaction may be described again: When the CO2 is allowed to accumulate, the rate of production of the CO2 diminishes in a logarithmic ratio. In the case of twigs, at least, the amount of CO, produced is proportional to the logarithm of time. When accumulated CO, is removed, the rate of its production immediately assumes a far higher value; and the magnitude of this increased value is possibly proportional to the amount of CO, previously accumulated.
It is a matter of several hours before the rate attains a constant value. This is in strict accord with the conclusions of SPOEHR and McGEE (23) "When the C02-content of the air surrounding a leaf is changed from a lower to a higher concentration, the leaf shows a reduced rate of CO. emission for a period following the change, then increases, and finally again attains about the same rate as before the change in CO,-content was made.
Conversely, when the CO2 content of the air surrounding a leaf is changed from a higher to a lower concentration, the leaf shows a primary increased rate of CO2-emission and subsequent decrease to the original rate."
Such being the facts, we are of course interested in attempting an explanation. One explanation is that we are observing merely an equilibrium between the CO2 in the atmosphere surrounding the tissues and that which is dissolved in the tissues; and that the excess CO., in the latter is removed but slowly when aspiration is commenced.
Another possible explanation was suggested by Dr. R. A. GORTNER. It is that the accumulation of CO2 in the tissues increases the hydrogen-ion concentration in the latter; that this brings the proteins of the protoplasm nearer to their isoelectric point, and hence increases its permeability, which is responsible (perhaps through increased enzyme activity) for an actual increased rate of CO2 production. The (17) and by CHAMBERS and POLLACK (7), in which experiments indicator dyes are introduced into the cell by micrurgical technique. The former obtained values of 6.6 for various marine ova, and the latter 6.6 to 6.8 for starfish eggs. When the cell is injured, as by a tear, the pH rapidly diminishes to pH 5.4 to 5.6. If the latter phenomenon holds also for plant cells, the conclusion is that the host of measurements of the pH of expressed sap indicate a higher acidity than actually obtains in the normal tissue. Most of such expressed saps show a pH of 5.0 to 7.0.
Taking a general survey of the data reviewed above, it is fair to conclude that there is some indication that plant sap is alkaline with respect to the isoelectric point of its proteins. CH1BNALL has the only direct evidence of this. If this relation be assumed, the conclusions would follow that CO. could bring the reaction nearer to the isoelectric point of the proteins, that this would increase the permeability of the protoplasm, and that more rapid respiration could result.
A method used in the attempt to obtain more or less direct evidence of this chain of events was to introduce HCl gas, for short periods, into the respiration chamber containing wheat and to observe whether this increased the rate of emission of CO2. This has been done, with fairly positive results in favor of the above hypothesis. The air entering the chamber was first bubbled through a solution of HC1 for 30 minutes in one run, and for 1.5 hours in the other. The chamber then remained for one hour without aspiration. Then the aspiration was continued and the CO2 determined. The The results of the two experiments are given in figure 6 . In the trial run shown in the upper portion of the graph, aspiration was continued for one hour so as to establish the rate of CO2 production. Then the air was bubbled through concentrated HCl for 30 minutes. After standing for one hour, the accumulated CO2 was measured, and is represented by the dotted line in C. Following this there is seen to be the usual increase in rate, followed by a decrease to a level which is somewhat lower than the rate in A. Another one-hour period of standing (D) was followed by another but slighter increase.
In the second run, in the lower half of figure 5, a control period without HC1 was measured first. This involved a cycle of three periods (A, B, C).
Following this was the treatment with HC1 as indicated in the chart, and the measurement of the subsequent rate of CO2 production. Period C, following the control, is characterized by an initial rate of 3.5 mg. Period F, following the HC1 treatment, is characterized by an initial rate of 5.4 mg. The writers are convinced that the HC1 treatment has duplicated the effects of accumulated CO2. To be sure, the wheat was sooner or later injured by the treatment, but it was not visible during the course of the runls, and in any event the increase in CO2 production is a fact.
Another line of evidence that disfavors the idea of mere solution of CO, in the tissues is the size of the three tissues used. It is reasonable to expect that the thicker the tissue, the slower will be the rate of diffusion of the dissolved CO2 into the surrounding air. In the three tissues used the time required to attain a constant value should decrease in the order, wheat, twigs, tubers. There is no evidence of this differential rate in the charts.
The writers do not believe that the exhaustion of oxygen from the chamber is a deciding factor. In the case of the twigs and the tubers, the oxygen was never exhausted; in the case of the wheat it was exhausted only during a few long runs. Furthermore KARLSON (14) the explanation here outlined for the effect of accumulated CO2 on the rate of respiration of plant tissues.
Conclusions
The respiration of apple twigs at 0°C., of potato tubers at about 220 C., and of wheat grain at 400 C. has been studied from the standpoint of the effect of allowing the CO, to accumulate in the respiration chamber. Under such conditions the rate of CO. production continuously decreases with time. After the first 30 or 40 hours the relation is expressed by the formula CO2 log t -0.566 During the first 30 or 40 hours the rate is affected by a phenomenon which can be described as follows: When aspiration of the atmosphere surrounding the tissue is commenced, after a period of accumulation of CO2, the rate of respiration immediately assumes a far higher value than it had during the accumulation period. The magnitude of this value is possibly proportional to the amount of CO, previously accumulated. It is a matter of several hours before the rate attains a constant value.
One explanation of this phenomenon is that we are merely observing an equilibrium between the CO, in the atmosphere surrounding the tissues and that which is dissolved in the tissues; and that the excess CO. in the latter is removed but slowly when aspiration is commenced. Another possible explanation is that the accumulation of CO2 in the tissues increases the hydrogen-ion concentration in the latter; that this brings the proteins of the protoplasm nearer to their isoelectric point and hence increases the permeability of the protoplasm; and that this is responsible for an actual increase in rate of CO2 production. The evidence in the literature on the pH of cell sap and on the isoelectric points of plant proteins bears out this view to a certain extent. Direct evidence in its favor was secured by passing HC1 gas into a respiration chamber containing wheat grain. A duplicate of the CO2 effect was obtained.
Although admitting that the proof for the latter explanation is still far from complete, the writers nevertheless subscribe to it, and offer it for the criticism of others.
The conclusion should be emphasized that the investigator should take cognizance of the CO, effect in deciding which procedure, the continuous or the discontinuous, to adopt for the work in hand. Under some circumstances, of course, as in a study of grain and fruit in storage, more useful knowledge might be secured by the accumulation method. The writers wish to acknowledge the help of Mr. LEO M. GREENE in securing some of the data in this paper.
